To describe the interrelationship between antenatal steroids, exogenous surfactant, and two approaches to lung recruitment at birth on oxygenation and respiratory system compliance (C dyn ) in preterm lambs. Methods: Lambs (n = 63; gestational age 127 ± 1 d) received either surfactant at 10-min life (Surfactant), antenatal corticosteroids (Steroid), or neither (Control). Within each epoch lambs were randomly assigned to a 30-s 40 cmH 2 O sustained inflation (SI) or an initial stepwise positive end-expiratory pressure (PEEP) open lung ventilation (OLV) maneuver at birth. All lambs then received the same management for 60-min with alveolar-arterial oxygen difference (AaDO 2 ) and C dyn measured at regular time points. results: Overall, the OLV strategy improved C dyn and AaDO 2 (all epochs except Surfactant) compared to SI (all P < 0.05; twoway ANOVA). Irrespective of strategy, C dyn was better in the Steroid group in the first 10 min (all P < 0.05). Thereafter, C dyn was similar to Steroid epoch in the OLV + Surfactant, but not SI + Surfactant group. OLV influenced the effect of steroid and surfactant (P = 0.005) on AaDO 2 more than SI (P = 0.235). conclusions: The antenatal state of the lung influences the type and impact of a recruitment maneuver at birth. The effectiveness of surfactant maybe enhanced using PEEPbased time-dependent recruitment strategies rather than approaches solely aimed at initial lung liquid clearance. i t is widely agreed that the optimal support of the preterm lung involves the combination of antenatal corticosteroid exposure, exogenous surfactant therapy, and early application of lung protective respiratory support strategies (1). Together, these therapies reduce the potential of assisted ventilation to injure the developmentally immature, surfactant-deficient preterm lung. The roles of early exogenous surfactant therapy (2) and antenatal corticosteroids (3) in improving lung mechanics, functional residual capacity, and reducing respiratory support are well established. The optimal respiratory support strategies are still debated (4-7).
i t is widely agreed that the optimal support of the preterm lung involves the combination of antenatal corticosteroid exposure, exogenous surfactant therapy, and early application of lung protective respiratory support strategies (1) . Together, these therapies reduce the potential of assisted ventilation to injure the developmentally immature, surfactant-deficient preterm lung. The roles of early exogenous surfactant therapy (2) and antenatal corticosteroids (3) in improving lung mechanics, functional residual capacity, and reducing respiratory support are well established. The optimal respiratory support strategies are still debated (4-7).
Ideally, lung protective respiratory support should commence during transition to ex utero life (1, 8) . During this period, the infant must rapidly clear lung liquid, aerate the lung, establish a functional residual capacity, and commence tidal ventilation, processes influenced by the intrinsic mechanical properties of the lung as well as the applied respiratory strategy (5, 6, (9) (10) (11) (12) (13) . The optimal approach in preterm infants remains unclear but broadly requires an inflating pressure to drive fetal lung fluid into the alveoli and allow lung aeration, and positive end-expiratory pressure (PEEP) to maintain aeration and prevent fluid efflux back into the airways (14) (15) (16) (17) . In preterm animals, using an initial stepwise PEEP or open lung ventilation (OLV) approach during tidal ventilation from birth improves aeration and short-term respiratory outcomes in preterm animals via utilizing hysteresis and time dependency (6, 11) . However, clinical trials at birth are lacking. The most widely examined intentional recruitment maneuver at birth is the use of an initial sustained inflation (SI) to clear fetal lung liquid from the airways (18, 19) . Preclinical experimental studies of SI have been mixed (5, 6, (9) (10) (11) 20) , with an increase in lung injury reported in some studies (21) (22) (23) . Improved short-term respiratory outcomes have been reported in some clinical trials (24, 25) , although without long-term benefits, and an increased risk of patent ductus arteriosus (19) .
The interrelationship between antenatal corticosteroids, surfactant replacement, and intentional recruitment maneuvers is not fully understood. The intentional exploitation of the mechanical properties of the lung inherent in all recruitment strategies suggests that antenatal steroids and surfactant therapy may influence their effectiveness. The role of recruitment maneuvers on subsequent respiratory therapies may also be important. Clinical studies of SI have suggested a reduced need for surfactant replacement following a SI (24) (25) (26) . However, in preterm lambs, pretreatment with surfactant improves the lung injury patterns and response to a SI compared with post-SI surfactant (12) , suggesting a recruitment maneuver may also influence subsequent respiratory therapies (8) . The interplay of Articles antenatal steroids with intentional recruitment maneuvers is even less well understood. As the question of the clinical use of recruitment maneuvers at birth becomes more topical, the application of future algorithms will need to consider the interdependency between established respiratory therapies and the applied recruitment strategy.
The aim of this study was to describe the interrelationship between antenatal steroid exposure, exogenous surfactant therapy, and a SI or an OLV approach at birth on oxygenation and respiratory system compliance in preterm lambs. This study was a priori designed as part of a 3-y program of nested studies examining the role of inflating pressure (SI) and stepwise PEEP approaches (OLV) on regional aeration, lung mechanics, and lung injury. Some of the detailed individual injury and physiological data have been reported separately (6, 11) .
RESULTS

Fetal Characteristics
Sixty-three lambs were studied. Their characteristics are described in Table 1 . Overall, the groups were well matched by epoch and ventilation strategy. Birth weight was lower in the Steroid epoch compared with Control epoch (P = 0.009; one-way ANOVA), and specifically due to the Steroid + SI group compared to Control + SI and SI + Surfactant groups (P = 0.001; one-way ANOVA). The OLV + Surfactant group was also a mean (95% confidence interval) of 0.72 (0.33, 1.11) kg lighter than the SI + Surfactant group (t-test). Overall, there was no difference in the SI and OLV birth weights across all epochs (P = 0.057, t-test). Breeding resulted in more singletons than expected in the Control and Surfactant epochs, reaching significance in the Control-SI group (P = 0.0001, chi-squared test). All lambs completed the study without complications, including pneumothoraces. There were no differences in heart rate, blood pressure, or temperature (data not presented).
Respiratory System Compliance
Pooling all epochs, C dyn improved with time during the study in both the SI and OLV groups (P = 0.0002; Figure 1a) . Overall, the OLV strategy resulted in better C dyn than the SI (P < 0.0001).
Within the SI groups, C dyn was not different between the Control + SI and SI + Surfactant groups (Figure 2b) , and C dyn was lower in both compared to Steroid + SI (all P < 0.01). In contrast, only in the first 10 min of life was C dyn better in the Steroid + OLV group compared to both Control + OLV (P = 0.009) and OLV + Surfactant (P = 0.038) groups (Figure 2b) . After surfactant was administered, the OLV + Surfactant group demonstrated similar C dyn values as Steroid + OLV. The Control + OLV had a significantly lower C dyn than Steroid + OLV for the entire study, and against OLV + Surfactant at 60 min (all P < 0.05).
Within each treatment epoch, the use of the OLV strategy significantly improved C dyn compared to a SI: Control (P < 0.0001), Surfactant (P < 0.0001), and Steroid (P = 0.008) epochs. Time was also a significant factor in the Surfactant (P = 0.0041) and Steroid (P = 0.0153) epochs. Figure 1b shows AaDO 2 data for the pooled SI and OLV groups. Both strategies exhibited worsening AaDO 2 over the 60 min period (P < 0.0001; two-way ANOVA), but AaDO 2 was significantly lower in OLV recipients from 30 min of life compared to SI (P < 0.0001).
Oxygenation
In the SI recipients, AaDO 2 behaved similarly during the entire study period, with no difference between epochs (P = 0.235; Figure 2c ). In contrast, epoch allocation (P = 0.005) was a significant factor in OLV recipients (Figure 2d) , with the Steroid + OLV group having lower AaDO 2 values at 5 and 30 min compared to Surfactant + OLV (P = 0.033) and Control + OLV (P = 0.021) groups, respectively. After surfactant administration, there was no difference in the Surfactant + OLV compared to Steroid + OLV.
OLV resulted in lower AaDO 2 compared to SI in the Steroid and Control epochs, with time and strategy being significant factors (all P < 0.0001). Posttest analysis identified better oxygenation in the OLV recipients from 30 min of life in the Control epoch and 45 min in the Steroid epoch. There was no difference in AaDO 2 between the Surfactant + SI and Surfactant + OLV groups with regards to time (P = 0.058) and strategy (P = 0.716).
DISCUSSION
There is growing interest in the role of respiratory strategies in the Delivery Room. In our study using intubated preterm lambs, we systematically describe the interrelationship between the use of antenatal corticosteroids, exogenous surfactant therapy, and two distinct recruitment strategies applied Unlike previous animal studies of respiratory care at birth (6, (10) (11) (12) 15, 16, (20) (21) (22) (27) (28) (29) (30) , our study involved a large sample size. Pooling all epochs, the use of an OLV stepwise PEEP approach significantly improved C dyn and oxygenation compared to a 30-s 40 cmH 2 O SI. Respiratory birth transition needs to be considered as a continuum, from clearance of fetal lung liquid, to alveolar aeration and prevention of fluid efflux during expiratory elastic recoil, through to effective tidal ventilation (4). Fundamental to this process is the establishment and maintenance of a sufficient volume state (6) . A SI focuses on the initial fluid clearance and aeration but its value depends on subsequent respiratory management maintaining aeration. PEEP is essential in the preterm lung (5, 14) . In our study, we used a PEEP (8 cmH 2 O) previously shown to be appropriate in preterm lambs (6, 11, 16, 17) , and higher than that used in similar animal studies (5, 9, 10, 14, 15, 20, 29) , suggesting our results are due to differences in recruitment strategy and not subsequent ventilator management.
An OLV strategy provides increasing PEEP support with an approach designed to exploit hysteresis (31, 32) . This approach is known to place ventilation on the deflation limb of the quasi-static pressure-volume relationship (31, 33) and targets the region of optimal compliance (31) (32) (33) (34) . Thus, it is not surprising that the OLV approach improved C dyn and oxygenation. Initial aeration was achieved using only 0.4-s tidal inspiratory times, suggesting that the benefits were related to both the prevention of fluid efflux during early respiratory transition and optimization of volume history during subsequent tidal ventilation. The OLV PEEP strategy was applied over a longer period than just the single 30-s SI, illustrating the importance of recruitment as a function of pressure and time dependence (35) . This supports the argument that PEEP, and how it is used, Articles maybe more important than the first inflation at birth. To date, a number of trials of SI but not PEEP recruitment at birth have been performed in humans (4, 18, 19) . Surfactant is known to improve lung mechanics and oxygenation, and its benefits in preterm infants are well established (2) . The lack of improvement in C dyn and AaDO 2 following surfactant administration in the SI groups was surprising. While many previous preclinical studies of lung recruitment administered surfactant before the first inflation (21,36), our current strategy is more clinically applicable. We have recently shown that there is considerable variability in the spatiotemporal behavior of lung mechanics at birth, even in controlled preclinical experiments (6, 12, 23) . Although our choice of SI parameters is based on previous work (9, 10, 12, 20, 27, 29) , it is likely that some of our lambs required a longer SI duration. Our results may reflect insufficient regional aeration, a situation clinicians currently have no bedside tools to rapidly detect during a SI. Irrespective of the specific strategy, our study highlights that an inadequate recruitment maneuver at birth might have a negative influence on subsequent respiratory therapies.
Antenatal steroids improve lung function in preterm lambs (37, 38) . It is not surprising that we demonstrated the response to any chosen recruitment maneuver at birth is likely to be different in the steroid-exposed and nonexposed fetal lung. The oxygenation benefit of steroid therapy was less convincing, with no difference in SI recipients and marginal benefit in OLV recipients. Unlike C dyn , AaDO 2 and SpO 2 are influenced by ventilation-perfusion matching and hemodynamic transition (39) . Clinicians need to be aware of the limitations of oxygenation as a marker of respiratory transition, at birth. Better clinically applicable measures of lung mechanics in early life are urgently needed.
Ultimately, the goal of any preterm respiratory intervention is to improve neurologically intact survival while reducing, or at least not increasing, lung injury. We have intentionally not reported lung injury in this study. Early lung injury is complicated and influenced by many factors beyond respiratory management (1). Although we controlled the breeding population and conditions as best as possible, maternal and environmental factors cannot be entirely standardized, limiting the accuracy of molecular comparison across epochs. This is evident by the difference in birth weight in the OLV + Surfactant group and the higher singleton rate in the Control + SI group. The former was likely due to the environmental factors, as these ewes were mated at the end of a long drought. The protective benefit of surfactant and steroids is established (2, 3) and the important question is whether a specific recruitment strategy altered injury within a particular epoch. We have previously reported this (6, 11) and have not shown a difference in early biomarkers of lung injury. The magnitude of influence from the recruitment maneuver on injury is likely to be less than maternal well-being, steroids, and surfactant, and the focus should be on ensuring that injury is not worsened using one approach.
The pressure and time criteria for the SI and OLV strategies used in our study are not consistent with human studies (18, 19) . To achieve lung aeration at birth, and then maintain recruitment and tidal ventilation, a recruitment strategy needs to overcome specific the mechanical and time constant constraints of the respiratory system (1, 6, 23) . Practically, this requires an adequate inflating pressure and/or PEEP to be applied for a sufficient duration to achieve volume change (5, 9, 23) . The preterm lamb is known to require a longer and higher inflating pressure to achieve lung aeration (10, 13, 20, 23) than has been advocated in human trials (19, 25) . Although we would not advocate the use of these absolute SI and OLV parameters in humans, we contend that the choice of physiologically appropriate settings for the model allows for more meaningful translation.
To limit confounding factors, such as variable volume delivery, the lambs were anaesthetized and ventilated with a cuffed endotracheal tube, not a common clinical scenario. In unintubated preterm infants, the glottis is often closed at birth, which may limit the ability to deliver a sufficient volume to the lung (40) . Pressure and V T delivery during facemask support is further complicated by operated-related variable delivery (18) . Although both the OLV and SI strategy could be practically applied using a facemask and a variable pressure system (such as the Neopuff), we elected to use an intubated model to ensure standardization of the strategy effect. Common to other preterm lamb studies, lung fluid was passively drained before birth to better replicate the human scenario (6, 13, 17, 23, 29) , but the residual volume in the lung needing to be overcome during aeration cannot be known. This further emphasizes the need for sufficiently powered animal studies.
It is feasible that the higher maximum possible inflating pressure during the OLV strategy, compared to the initial SI pressure of 40 cmH 2 O, influenced aeration (15, 16) . Recently, we reported the detailed analysis of the Control epoch compared to a group receiving positive pressure ventilation (PPV) at 8 cmH 2 O PEEP. There were better physiological outcomes in the OLV group and no difference between the SI and PPV only groups (6) . Finally, although pneumothoraces were not found in our study population, reports in similar preterm lamb studies (6, 17) , and some human studies of SI (18, 19) , illustrate that the interaction between applied pressure and air leak in the preterm lung is not well understood. Interesting, in the already-aerated lung, air leak has not been a feature of OLV strategies in human (31, 33) and animal studies (32, 34, 35) .
In conclusion, our preterm lamb study demonstrates the interrelationship between the antenatal state of the lung, type and effectiveness of a recruitment maneuver at birth, and adjunctive lung protective therapies. In particular, independent of antenatal steroid and postrecruitment maneuver surfactant therapy, the use of a dynamic PEEP step recruitment strategy resulted in better oxygenation and dynamic compliance than a single SI at birth. Surfactant therapy after a dynamic PEEP step strategy, but not a SI, allowed further improvements in compliance, highlighting the potential role a recruitment maneuver at birth may have on optimizing other respiratory therapies. Our findings suggest a single unifying resuscitation algorithm is unlikely to account for these differences.
Measurements
To monitor physiological stability, preductal peripheral oxygen saturation (SpO 2 ), heart rate, arterial blood pressure, and rectal temperature (HP48S monitor, Hewlett Packard, Andover, MA) were recorded continuously from birth. A Florian Respiratory monitor (Acutronic Medical Systems AG, Hirzel, Switzerland) was used to continuously measure pressure (P AO ), gas flow, and tidal volume (V T ) at the airway opening (6, 11, 12) . Arterial blood gases were performed at 5 min of age and every 15 min from birth. An additional gas analysis was performed at 10 min, or immediately prior to surfactant administration, for the Surfactant and Control epochs. As part of a different study (12, 23) , electrical impedance tomography imaging of tidal ventilation was available during the entire study, allowing continuous monitoring for pneumothoraces.
Ventilation Strategies at Birth
Within each epoch, lambs were randomly assigned before the delivery to one of the following ventilation strategies:
1. An initial 30- PPV was initially applied with a fraction of inspired oxygen of 0.21 in all groups and then titrated to maintain Sp O2 of 88-94%. Volumetargeted mode was adjusted to maintain a Pa CO2 between 45 and 60 mm Hg after each arterial blood gas analysis using a standardized protocol (6, 11, 12) . Hydration was maintained with continuous i.v. infusions and bolus fluid administered for persistent hypotension or metabolic acidosis. At 60 min of life, the animals were humanely euthanized with pentobarbitone.
Data Processing and Analysis
All continuous physiological measurements were recorded at 1,000 Hz, processed, and analyzed using Labchart 7 (AD Instruments, Sydney, New South Wales, Australia). Inflation pressure and PEEP during PPV were determined from the P AO waveform. V T was determined from integration of the flow wave using the known points of zero flow (PEEP and end-inflation). Dynamic compliance (C dyn ) was then calculated from the corresponding pressure change and V T values over the last stable 30 continuous inflations immediately preceding each arterial blood gas. The alveolar-arterial oxygen gradient (AaDO 2 ) at each arterial gas was used to indicate arterial oxygenation.
Statistical Analysis
A sample size of eight was required to determine a difference in AaDO 2 of 100 mm Hg and C dyn of 0.1 ml/kg/cmH 2 O (power 0.8, alpha error 0.05). To account for potential errors in antenatal assessment of ewe parity, and the potential for smaller differences within the steroid group, at breeding 10 lambs were allocated to each ventilation strategy in the Control and Surfactant groups, and 13 in the steroid group. All data passed normality testing and, unless indicated, were analyzed with two-way measures ANOVA (using time and strategy as factors) and Sidak posttests. Statistical analysis was performed with GraphPad PRISM 6 (GraphPad Software, San Diego, CA) and a P <0.05 considered significant. 
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